Consumption of wood as a source of energy is discussed with respect to efficiency and restraints to ensure sustainability of the environment on the grounds of a simple analytical model describing dynamics of biomass accumulation in forest stands -a particular case of the well-known empirical Richards' equation. Amounts of wood harvested under conditions of maximum productivity of forest land are presented in units normalised with respect to the maximum of the mean annual increment and used to determine the limits of CO 2 -neutrality. The ecological "footprint" defined by the area of growing stands necessary to absorb the excess amount of CO 2 annually released from burning biomass is shown to be equal to the land area of a plantation providing sustainable supply of fire-wood.
INTRODUCTION
Sustainable consumption of renewable resources is limited by the rate of regeneration. Land area and radiation available on the area are two core factors determining regeneration of any kind of biomass while the rate depends on the productivity of the biological species -the rate of amassing wood by photosynthesis. Perennials have the advantage of accelerating the growth with time while keeping the accumulated biomass stored.
The use of biomass as a renewable source of energy has additional constraints imposed by sustainability with regard to environment the main concern being release of greenhouse gases affecting stability of the global climate. Despite the corporate belief of biofuels being neutral to CO 2 emissions [1] - [3] , the subject is contentious [4] - [7] although authors of more scrupulous recent studies recognise delayed sequestration of carbon released by using biomass for energy [8] - [10] and point to radical disparity between the amounts of carbon released and recaptured [11] . The subject still requires a proper discussion and relevant argumentation provid-ing grounds for understanding dynamics of the basic carbon cycle from biomass to atmosphere and back to biomass. The study presented to the attention of the reader considers the boundaries and factors imposed by CO 2 -neutrality of wood as a source of primary energy.
BASIC DEFINITIONS AND THE METHOD
Since usage of wood fuel for electricity generation is extremely wasteful use of bioenergy and land assets [12] , 16] and, therefore, unsustainable, hereafter attention is paid to burning wood for purposes of heating having a distinctly seasonal character at higher altitudes. Energy is consumed at the time of year when photosynthesis fixing carbon dioxide into new biomass is not active for which reason the gas released at burning wood accumulates in the atmosphere the current process being not CO 2 -neutral. Therefore, it is reasonable to define the CO 2 -neutrality with respect to the whole seasonal cycle: burning wood is CO 2 -neutral if the annual amount of carbon dioxide released into the atmosphere is balanced by the annual amount of carbon dioxide sequestered from the atmosphere by photosynthesis and stored again in biomass. The definition implies that burning biomass is sustainable with respect to the resource and climate if the annual amount of biomass burnt is equal to the annual amount of biomass grown.
The Current Annual Increment of wood biomass of a natural even-aged forest stand defined as the amount of stock accumulated during the year at the particular age is presented as the derivative of stock S with respect to time t representing the rate of growth R as function of time at the particular instant:
The Mean Annual Increment defined by the ratio of the stock S(t) at a particular age t to the age represents the productivity P(t) of the stand at that age as function of time:
The rate of growth expressed by (2) and stock are obviously interrelated by (3) It should be noted that the current annual increment being of a finite magnitude here is presented by (2) -the rate of growth as a continuous function defined for any infinitesimal instant of time. Nevertheless, the apparent inconsistency is resolved by interpreting the rate of growth as the annual increment at the respective instance of time -the annual acquisition of biomass being projected to the instant value of the rate of growth. The finite amount of stock accumulated by the stand within a particular year-long time interval Δt = t n -t n-1 under these assumptions is expressed by (4) Dynamics of biomass accumulation in a forest stand [13] derived from the rate of growth assumed being proportional to the active light-absorbing area of the canopy is presented by Richards' equation [14] : (5) with parameter values b = ln2 and c = 2 found for dimensionless time scale normalised with respect to the time t m at which the function derived for the rate of growth (6) reaches the maximum. The rate of growth normalised to its maximum value at x = 1 as function of the normalised time variable x is presented by equation (7) and the stock normalised to its maximum limit S ∞ at x = ∞ -by equation ( 8 ) Graphs of the rate of growth (7) and productivity P(x) are presented in Fig. 1 . The scale of the ordinate axis is normalised to the maximum of the current annual increment relative to which the maximum value of the mean annual increment is about 0.8 and is reached at the normalised age of x ≈ 1.81 -the age of maximum productivity of the stand area and the optimum cutting age providing the highest land-use efficiency. The stock (yield) of wood biomass at this age calculated from (8) is about 0.50812, which is slightly more than twice the stock (S = 0.25) at the age of maximum rate of growth (at x = 1). Accumulation of biomass represented by (7) and (8) is defined by a single parameter -the age t m , at which the rate of growth of a particular stand reaches its maximum. This single parameter, apart from the bio-potential of the species, implies and presents an integrated result of the site characteristics -such as fertility, period of vegetation, availability of water and light, etc. affecting the rate of biomass accumulation.
The current annual uptake of biomass and, consequently, the atmospheric carbon is calculated from (8) as the difference of stock between the year number n + 1 and n the increment ΔS being evaluated in units of stock S o at the age of land productivity optimum at x o ≈ 1.81 .
For that purpose the normalised time interval corresponding to a year in the real time scale is presented by the ratio of x = 1.8 to n c -the number of years at the optimum cutting age t o in the real time scale. Since the content of carbon is proportional to the amount of acquired biomass, the obtained annual portions of biomass and carbon uptake are the same for either one -the total uptake of biomass or the carbon content by the cutting age taken as the unit.
Under such assumptions the equity ,
holds exact for any n c .
RESULTS AND DISCUSSION
The annual uptake at consecutive ages of growing natural forest stands as portions of accumulated stock follows the rate of growth curve (curve 1, Fig. 1 ). On the other hand, it also depends on the normalised time interval Δx corresponding to real time span of a year expressed by the ratio .
In (11), the cutting age -the number of years n c the stand has grown before felling in the real time scale and the corresponding normalised time x c can be chosen arbitrary. For further convenience it is reasonable to choose the cutting age at the maximum of the mean annual increment (curve 2, Fig. 1) corresponding to x o = 1.81 being the optimum age for harvesting at the maximum of land productivity. In that case, (11) transforms into (12) the constant being equal to 1.81.
From (12) it follows that logarithm of Δx is a linear function of the logarithm of n c . Since the current annual increment ΔS x at a fixed value of x = const is proportional to Δx, it can be found for any n c from a linear equation
Fractions ΔS x for x = 0.9 close to the maximum rate of growth (Fig. 1) calculated for selected n c as (14) are listed in Table 1 . The plot of log(ΔS) vs. log(n c ) is presented in Fig. 2 . The two data sets fit (13) with correlation equal to 1.0000 and values of coefficients: A = 0.08648, B = -0.9981. The calculation shows why fast-growing species are more efficient absorbers of atmospheric CO 2 and, therefore, more preferable for the purpose.
Burning wood harvested from an overgrown stand at the age of x > 1.8 instead of choosing the cutting age at the maximum of the mean annual increment releases more CO 2 and reduces proportions of the annual uptake with respect to the amount released. Thus, the annual uptake of CO 2 at the age of x = 0.9 (14) comprises 0.061 of the amount released by burning wood harvested at x = 1.8 from 20 years old stand, while being equal to merely 0.043 of the amount accumulated by a 30 years old stand. It means that instead of 16 ha of 10 years old stands to absorb within a year the amount of CO 2 released by burning wood harvested from 1 ha of 20 years old stand it will take 23 ha to absorb the amount of CO 2 released by burning the harvest from 1 ha of a 30 years old stand. Or, to do the same -a 30 ha plantation of stands of consecutive ages up to 30 years instead of 20 ha plantation of sequentially aged stands up to 20 years. Land productivity in the latter case is by 6.5 % higher. The absolute numbers are found from the amount of wood harvested at a certain age in each particular case. Not all the data are always available. However, the average data of annual biomass accumulation can be used for a rough estimate of the limits of CO 2 neutrality. Thus, for instance, according to 2008 forest inventory data [15] the average annual increment of wood biomass in Latvia comprises 834 400 m 3 , which is the ultimate amount of firewood that can be used within the limits of CO 2 neutrality no matter where in the world the firewood produced in Latvia is burnt. Considering a bigger picture, the global growing forest and everything made of wood are a deposit of carbon as much as coal or oil, and replacing the two latter by wood just cannot be CO 2 neutral under circumstances of shrinking area of the global forest. The evidence of it is found in the increasing atmospheric concentration of CO 2 despite the enormous quantity of wood from Canadian forest being used to produce electricity since 2008 [4] .
Since the biomass (and CO 2 ) stored in a stand by the cutting age is accumulated in a sequence of years at successive ages, the annual uptake by a plantation comprised of sequentially aged stands (up to the cutting age) of the same size is equal to the stock felled at the cutting age. Consequently, the annual uptake of CO 2 by the plantation is equal to the amount of CO 2 stored in the stand by the cutting age and released at burning of the harvested wood biomass. Therefore, such plantation simultaneously provides sustainable supply of wood to be burned and CO 2 neutrality.
Fast-growing species are preferable for higher biomass productivity and more efficient uptake of CO 2 .
The forest area necessary to neutralise the amount of CO 2 released by burning biofuels can be considered the "footprint" of using biomass as the source of primary energy. If CO 2 neutrality is defined by equality of annual amounts released and recaptured, then the area under plantation generating the relevant amount of new biomass is the "footprint" of using fuelwood provided the area is occupied by photosynthesisers to perform the work.
CONCLUSIONS
In general, the growing forest functions as a deposit of carbon (along with organic fossil fuels) and as a sink of atmospheric CO 2 pollution, the annual uptake of CO 2 by unit area of a forest stand, amid a number of factors, being dependent on its age.
CO 2 -neutrality of fuel-wood is not granted and emissions of CO 2 from burning wood have to be accounted for in the total balance of pollution. On the global scale, under a shrinking area of the global forest using wood to substitute fossil fuels does not reduce emissions of greenhouse gases.
On the local scale, CO 2 -neutrality of biomass fuels is achieved by sustainable harvesting and rotation practices of the fast-growing species being more preferable for sequestration of the atmospheric CO 2 to maintain neutrality.
Sustainable harvesting of wood (and biomass in general) for energy under conditions of limited land assets is incompatible with unrestricted profit-driven economic growth.
